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The efficiency of record silicon heterojunction (SHJ) solar cells for both front-and-back contacted (FBC) and
interdigitated back-contacted (IBC) architectures has improved significantly in recent years. This is largely
due to considerable improvements in short-circuit current density (Js.) driven by recent industrial
innovations resulting in highly transparent layers and novel metallisation. In this work we present the first
detailed, side-by-side Js. loss comparison of recent record solar cells enabled by a carefully calibrated and

thoroughly validated optical ray-tracing model and derive a practically achievable Js. limit for modern FBC-
Received 9th January 2025

Accepted 21st March 2025 SHJ and IBC-SHJ solar cells for different silicon wafer thicknesses. By modelling recent SHJ record-

efficiency cells based on published data, we obtain spectrally resolved Js. losses and estimated complex
DOI-10.1039/d5e100001g refractive indices for all functional layers used in record SHJ solar cells as of 2024 from Hanergy, Maxwell,

rsc.li/EESSolar SunDrive, LONGI, Panasonic and Kaneka. Pathways for further improvement in Js. are also described.

Broader context

Silicon heterojunction (SHJ) solar cells have dominated silicon record efficiencies since 2014. More recently, there has been a significant increase in the number
of high-efficiency SHJ solar cells reported, largely enabled by improvements in the device short-circuit current density (Js.). With a recent world-wide surge in the
manufacturing capacity of SHJ solar cells, it is imperative to understand the developments that are necessary to reach high device . and the potential
opportunities that lie ahead. With the help of ray-tracing optical models, J,. loss distributions of recent record SH]J solar cells are unravelled and potential
improvements are evaluated to quantify practical /s limits for both device contacting architectures: front-and-back contacted (FBC) and interdigitated back-
contacted (IBC). The insights derived in this work provide a useful technology roadmap for the continued enhancement of the optical performance of
record-efficiency and industrial SHJ solar cells.

1. Introduction recombination and resistive losses.*® Steady improvements

have been made on this front in recent years.®” However,
Over the past 10 years, there has been remarkable progress in a crucial bottleneck to higher efficiency for SHJ devices
the power conversion efficiency (PCE) of silicon heterojunction
(SHJ) solar cells. Owing to the excellent surface passivation

enabled by intrinsic hydrogenated amorphous silicon [a-
Si:H(i)] layers," high open-circuit voltages (V,.) were already 270 ]
achieved in 2000.> The V,. of these devices (~720 mV) was
higher than the then record PCE of 24.7% of a passivated < 265T .
emitter, rear locally-diffused (PERL) structure with a V,. of :T
706 mV.? It is clear that SHJ devices primarily underperformed Q 260l ' : 1
in regard to the fill factor (FF) and the short-circuit current A_____..,A.‘féti'hDrive,/
density (Js.). For the FF, the main losses arise from carrier 255 [ Panasonicef ]
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remained the J., which is limited by optical losses. This is
indicated in Fig. 1, which shows a strong correlation between
the PCE and J,. values for a number of recent high-PCE SH]
solar cells, including all record cells of the last 10 years. Here,
we distinguish between front-and-back contacted (FBC) and
interdigitated back-contacted (IBC) architectures.

Since the introduction of SHJ-like solar cells in 1992 by
Sanyo,* the record efficiencies for this device architecture have
been spearheaded by several solar cell manufacturers. A record
PCE of 23.7% (Jsc 39.4 mA cm *) was reached in 2011 by
Kaneka,* and was improved to 24.7% (Jsc 39.6 mA cm™ ) in
a FBC structure in 2013 by Panasonic.** The next jump came
ayear later with a 25.6%-efficient solar cell (Js. 41.8 mA cm ™) in
an IBC design,* which is evident in the sharp increase in Jy.
This result was the first time that a SHJ solar cell became the
best-performing silicon-based device architecture, as is evident
in the NREL Solar cell efficiency chart.'®*> Kaneka followed on
a similar path, reaching a FBC efficiency of 25.1% (/s 40.8 mA
cm?),* followed by a world-record efficiency of 26.7% (Js. 42.7
mA cm %) with an IBC solar cell in 2017.8 LONGi then followed
a similar development path (FBC to IBC) to achieve a 26.8% (Jsc
41.5 mA cm ™ ?) FBC record cell in 2022,° followed by a 27.3% (Js.
42.6 mA cm ™ ?) IBC device in 2023.%°

Concurrent to these developments, the manufacturing
capacity for SHJ solar cells has also increased significantly since
2019, and the SHJ solar cell market share is expected to reach
19% over the next ten years in a TW-level global production
capacity.®® This rapid ramp-up in SHJ cell capacity has gener-
ated an increasing need in the PV industry to better understand
(1) the drivers of the J,. loss in industrial SHJ solar cells, (2) the
most effective methods to further improve the Jg. of these cells,
and (3) the practical upper limit of Js. achievable in industrial
FBC-SHJ and IBC-SH]J cells. Unfortunately, a definitive answer to
these questions is not very clear yet.

It is generally understood that high parasitic absorption in
the intrinsic, n- and p-doped a-Si:H [a-Si:H(i), a-Si:H(n), a-
Si:H(p), respectively] layers and the transparent conductive
oxide (TCO, usually in-doped tin oxide or ITO) layer at the front
side of the SHJ device is responsible for the low J. of SH]J solar
cells.** An additional TCO at the rear of the cell also contributes
to an enhanced parasitic absorption in the near-infrared (NIR).
Finally, excessive front metal shading as well as rear metal
absorption (in the case of monofacial devices) is well known to
have detrimental effects on J,..>* However, the exact contribu-
tions of these various factors to the total Ji. loss of high-
efficiency industrial SHJ devices is not yet very clear.

While there have been several recent works on record-
efficiency solar cells which have attempted to provide a quanti-
tative breakdown of . losses, the specific contributions to these
losses from the various individual functional layers in a SHJ cell
is typically not available and is often reported in terms of
lumped losses.'*'”?* These lumped losses are estimated from
external quantum efficiency (EQE) and reflectance (R)
measurements. In the few cases where losses from individual
layers were made available (e.g. via ray-tracing simulations), the
assumptions, fundamental data and modelling steps used in
the simulations were not fully disclosed.*® This makes it
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impossible to compare J. loss contributions (and therefore the
degree of J;. improvement) between the different studies. The
inability to draw such comparisons also prevents a sound
quantitative understanding of J.. losses in these recent high-J.
SH] solar cells.

Several optical improvements were reported for these high-
Jsec SHJ solar cells, which partly deviate from the ‘classical’ SHJ
structure (i.e. a-Si- and ITO-based layers). Firstly, more trans-
parent a-Si:H(i) layers were used,"** which is important to
reduce the parasitic absorption at the front. Second, TCOs with
higher mobility and transparency than ITO were imple-
mented.*"” Third, nc-SiO,:H(n), a more transparent window
layer, is ubiquitous in recent FBC-SH] record devices.**"
Finally, a reduction in the front shading fraction has also given
a direct boost to record-J;. FBC-SH] solar cells.®'” While the
general approaches to improving Js. are known, it is not very
clear what the shortest pathway is to bring the J,. of industrial
SHJ solar cells to the level of the record cells, or what
approaches are most promising to further increase the Jg.
beyond the current record values.

This also leads to the question of practical J,. limits in
industrial SHJ solar cells. There are several works that attempt
to quantify the theoretical upper limit of J. in silicon solar cells
in general, but a majority of these are derived from first prin-
ciples and are not specific to SHJ cells.***” The number of
studies that have attempted to quantify a practical upper limit
specifically for SHJ solar cells is limited,**** and the
assumptions underlying the predicted limit are not supported
by detailed modelling and only refer to IBC architectures. New
developments since the publication of these works could also
lead to higher practical cell J;. values than initially predicted.
Therefore, an updated and thoroughly validated practical J.
limit for SHJ cells in FBC and IBC structures is missing.

This work aims to tackle these questions by providing
a side-by-side comparison of the detailed optical losses of
several reported high-efficiency SHJ solar cells through care-
fully calibrated ray-tracing-based optical modelling. After
validating the model in Section 2.1 with an in-house fabricated
FBC-SH] solar cell, in Section 2.2 we adopt the device struc-
tures from several high-efficiency SHJ solar cells and derive
their optical properties based on reported solar cell details and
the EQE and R data. The resulting model enables us to quantify
the often-unknown distribution of the j;. losses resulting from
parasitic absorption in all the layers of the device, from
shading and from escape losses. We also derive important
insights from this analysis to (1) clarify the optical require-
ments needed to achieve record-high /. in SHJ solar cells for
both FBC and IBC configurations and (2) identify the most
effective pathways to improve the J,. of industrial SHJ cells. In
Section 2.3 we use a ray-tracing model to re-evaluate the
practical /. limits for different wafer thicknesses for both FBC-
SH] and IBC-SHJ solar cells, using reasonable material prop-
erties based on the current stage of development as of 2024.
This enables a more realistic prediction of the practical J,.
limits under different contacting configurations, which has
not been reported before. Finally, Section 3 presents the main
conclusions of this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Results and discussion

2.1.
cells

Validated optical models for FBC-SHJ and IBC-SHJ solar

The optical response of a SHJ solar cell is a combined effect of
the reflection and transmission at interfaces between the
various layers as well as absorption within the layers. Several
works in the literature rely on device-level measurements (EQE
and R) to validate their model.**** However, since SHJ solar cells
are typically comprised of at least 7 optical layers, relying solely
on EQE and R measurements can lead to systematic errors in j.
loss estimations as such measurements reflect only the cumu-
lative response of the device (i.e. of all 7 or more optical layers
combined). This makes it difficult to accurately attribute J.
losses to specific individual optical layers.

To tackle this problem, we utilize optical ray tracing, which is
essential to provide a breakdown of losses within each indi-
vidual layer. We use GenPro4,** a software that combines wave
and ray optics to accurately model thin films on textured
surfaces. Furthermore, we do not rely only on a single cell-level
dataset (cell EQE and R) to validate the output of the ray-tracing
model. Instead, we use a comprehensive dataset obtained from
single-layer measurements, measurements on stacked layers,
solar cell precursors and measurements on fully-finished FBC
solar cells. The development of a validated model for FBC-SHJ
and IBC-SHJ solar cells used in this work is described in more
detail in the following sections.

2.1.1. Optical models and validation datasets. In order to
quantify and breakdown J,. losses in SHJ solar cells, we first
developed an optical ray-tracing model for 2 different SHJ
architectures: FBC and IBC. The model architecture is shown in
Fig. 2. The optical architecture of the FBC model consists of
a textured silicon wafer with a-Si:H(i) (front and rear), a-Si:H(n)
(front), a-Si:H(p) (rear), TCO layers (front and rear), metal
contacts (front and rear) and an ARC on the front side. The
model also includes the description of a rear chuck, which is
used only for simulating cell EQE and R measurements since
such a chuck is also present for measurements done in-house.
The IBC model has the same components as the FBC model,
with 4 exceptions: (1) front metal contacts are not present, (2)
the rear metallisation fraction is significantly higher, (3) a front

(A) « Front metal contacts

a-Si:H()

a-Si:H(p)
or other

Rear TCO —

Rear metal contacts
Contacting chuck
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charge transport layer is absent, and (4) the front TCO is
replaced with a non-conductive dielectric. These components
accurately represent the actual cross-sectional structures of an
FBC-SHJ and IBC-SH]J cell, as well as the measurement setups
used for model validation.

In addition to the cell optical structures shown in Fig. 2,
additional optical structures were also created that correspond
to FBC cell precursors (at various stages of processing) and
other test samples with individual layers. Model validation is
then performed by comparing the simulated output of optical
structures against the measured data from the fabricated
samples. Careful characterization steps are performed after
different stages of the SHJ fabrication process, similar to our
previous work.*® This includes the following key steps:

(1) Wavelength-dependent complex refractive indices (n and
k) of all the layers of the device (except for c-Si, for which we use
its published refractive index at 25 °C)* were determined by
simultaneous fitting of spectroscopic ellipsometry (SE) and
reflectance/transmittance (R7T) measurements on planar
substrates. For the a-Si-based layers, ~300 nm of SiO, on a Si
wafer was used as planar substrate to enhance the interference
effects from the sample and improve the parameter sensitivity
in the fitting stage,*” for which a Tauc-Lorentz dispersion model
was used.”® For the TCO, an additional Drude oscillator was
included in the model to account for free-carrier absorption
(FCA),* and the planar substrate used was glass. This was done
to obtain more information from the transmittance measure-
ments. As all these layers were deposited onto a planar
substrate, their actual thickness in the final solar cell is ex-
pected to be lower, as the actual solar cells have a pyramid-
textured surface. To account for this difference, the thick-
nesses on textured samples are fitted from RT measurements of
single layers on a textured wafer, as described in Section 2.1.2.

(2) RT measurements were performed on 4 different test
structures corresponding to 4 critical stages of processing: (a) on
a bare (i.e., unpassivated) textured wafer, (b) after single-layer
depositions of all the layers present the final solar cell stack [a-
Si:H(i), a-Si:H(n), a-Si:H(p) and ITO], (c) on multi-layer stacks
(a-Si:H(i)/a-Si:H(n), a-Si:H(i)/a-Si:H(p) and solar cell precursor),
(d) after metallisation. All sample groups (a)-(d) were subse-
quently subjected to the same annealing conditions (200 °C for

(B)

ARC

Front TCNW

a-Si:H(n)
or other

Fig.2 Opticalstructure for (A) FBC-SHJ and (B) IBC-SHJ solar cells used in this work. A chuck, assumed to be used during EQE measurements, is

included. ARC: anti-reflection coating.
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10 minutes), which is used in-house for curing/contact formation
using a pure Ag metallisation paste. Sample groups (a) and (b)
are used to fit the optical properties and thicknesses of the
individual layers on textured Si, sample group (c) is used only for
the verification of modelled properties on multi-layer stacks, and
sample group (d) for the final device response.

(3) Finished FBC solar cells were subjected to current-
voltage (I-V) measurements as well as spot-EQE and R
measurements.

The resulting dataset therefore consists of: (1) RT of thin
films, precursors and cells, (2) n and k of individual layers, and
(3) EQE and R of metallized FBC cells. By cross-validating these
three datasets, an accurate model for FBC-SH]J solar cells was
derived (shown in Fig. 2A). Details of these measurements and
the validation of the derived FBC optical model can be found in
Appendix A, ESLf The optical model for IBC cells was then
obtained by minor modifications of the FBC cell model, as
described below. Note that the IBC optical model was not vali-
dated with real in-house fabricated cells; however, as described
later, the IBC models are confirmed to be sufficiently accurate
for deriving quantitative insights into loss mechanisms.

2.1.2. Validation of FBC model. To confirm the fidelity of
our baseline model, we needed to take into account the following
important aspects: (1) wafer properties, (2) ‘stacked’ layer proper-
ties (as present in the solar cell), (3) metal contacts, (4) measure-
ment setup and (5) collection efficiency. All these steps are
described briefly below and in more detail in Appendix A, ESL{

2.1.2.1. Wafer. For the c-Si wafer, the modelled angle of
a random pyramid texture was adjusted to match the measured
R, keeping the wafer thickness fixed at the measured value in this
study of 160 pm. An excellent match was obtained [within
0.02%,p,s weighted average reflectance (WAR) and minimal
spectral mismatch]. The thickness of the deposited thin films (a-
Si and TCO layers) on textured silicon used in the cell's optical
model was determined by matching the modelled and measured
RT data from precursor samples. The resulting thicknesses on
textured surfaces were as expected (estimated by applying
a texture correction factor of 1.5-1.6 to the thicknesses measured
on planar surfaces). This approach ensured that the right
thickness is used in the final solar cell model. The weighted
average of the modelled RT for all layers were found to be within
0.5%,,s of that of the measured data, indicating excellent
agreement between the experimental and modelled RT curves.

2.1.2.2. Stacks. To verify the behaviour of individual layers
as a stack, we rely on cell precursor samples at different stages
of processing (previously described in Section 2.1.1). We
measured RT data on physical samples and compared them to
the simulated RT of the corresponding stacks using GenPro4.**
The previously determined refractive indices and the thick-
nesses on textured wafers of each individual layer are used as
inputs to the model. The weighted average of all of the modelled
RT spectra again showed a low deviation of less than 0.75%ps
compared to the measured data for all stacks.

2.1.2.3. Metal contacts. As the optical simulator used is one-
dimensional, the effects of partial metal coverage on the front
and rear surfaces (for FBC cells) could not be directly modelled.
To account for the optical interaction at metal interfaces at the

160 | EES Sol., 2025, 1, 157-171
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front and rear surfaces, we separately considered 3 cross-
sectional areas in a FBC solar cell: (a) areas where only front
metal is present, (b) areas where only rear metal is present, and
(c) areas where front and rear metal overlap. Areas where
neither front nor rear metal is present are equivalent to non-
metallized areas of the cell, which have already been taken
into account. We then performed a detailed analysis of the
impact of metallized areas on solar cell optics, which is
provided in Appendix B, ESI.T Based on this analysis, we were
able to reliably estimate the impact of metal coverage in FBC
solar cells by scaling all the simulation spectra with the non-
shaded area fraction of the device and adding a constant loss
over the full spectrum to simulate the optical loss from the front
metal fingers. Also, as demonstrated in Appendix B, ESI, T areas
where only rear metal is present can be ignored for FBC cells as
they have only a negligible impact on the device Ji.. In the case
of IBC devices [which only contain cross-section type (b) as
described above], we were able to simulate the rear to sufficient
precision by simply assuming 100% rear metal coverage. All the
simulations in this work are post-processed in this same way to
account for metallisation effects.

2.1.2.4. Measurement setup. The angle between the plane
perpendicular to the samples and the incident light beam used
for all R measurements was 8° in the specific measurement
setup used in this study, which is fairly common for integrating
sphere setups. Hence, simulations for all simulated R spectra
were also conducted with the same angle of incidence. For RT
measurements of single layers and cell precursors, no chuck at
the rear of the stack is assumed. For cell EQE and R measure-
ments, a rear stack of air/metal is added to the model to
simulate the presence of the measurement chuck (similar to the
conditions during these measurements). To ensure that we
closely match the R of the contacting chuck used in our in-
house measurements, its refractive index was determined
experimentally from R measurements (see Appendix A, ESI,T for
details).

2.1.2.5. Collection efficiency. To derive the solar cell J . from
optical absorption spectra, the carrier collection efficiency (CE)
was defined for each layer. A CE of 100% is assumed for the c-
Si.** For other layers, the layer thicknesses and their refractive
indices were previously validated, and the CE was obtained by
comparing the EQE data with the modelled absorption profile
of the c-Si wafer. This comparison showed that the absorption
from the front-side layers is not purely parasitic but also
contributes to electrical output. Hence, following the work by
Holman et al.,** we assumed a non-zero CE for the front a-
Si:H(i). A CE of 32% was found to fit the spot-EQE measure-
ments the best, which is very close to the values estimated in
other works.*** A good match between the measured and
simulated spot-EQE (0.01 mA cm ™2 J,. difference) and spot-R
(-0.19 mA ecm™? J,. difference) is evident in Fig. 3, which
shows minimal spectral mismatch between simulated and
measured EQE and R data.

This concludes the procedure used to validate the FBC-SHJ
solar cell optical model. For IBC-SHJ cells, we were not able to
validate the corresponding model shown in Fig. 2B using real
devices since IBC-SH]J solar cells could not be fabricated in-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Simulated and measured spot-EQE and spot-R for our refer-
ence in-house FBC-SHJ solar cell.

house at the time of this study. Nevertheless, the same layers
that were validated for FBC cells are also used in the IBC model,
hence we also expect the IBC-SHJ model to have a high accuracy.
This is later confirmed in the following section, where both the
FBC and IBC models are applied to reported data from other
record-efficiency solar cells and shown to produce comparably
low levels of spectral mismatch.

2.1.3. Discussion: techniques for building accurate optical
models of SHJ solar cells. The general use of both wave and ray
optics for simulating thin layers on textured Si solar cells is
extensive in the literature,****>' as is the determination of
optical constants via SE.>> However, the simultaneous fitting of
RT and SE data, as done in this study, is less common, but is
well-known to enhance the modelling sensitivity. Another
feature of this study was the use of planar Si wafers with a thin
layer of SiO, as the substrates for depositing various thin film
layers for SE measurements. This is also well-known to improve
the extraction of refractive index data from SE samples,”
particularly for a-Si layers. However, the most important feature
used to obtain high confidence in the solar cell optical models
in this study was the fabrication of representative multi-layer
thin film stacks at various stages of processing. The verifica-
tion of optical models and fitted refractive index data via RT
measurements on such multi-layer stacks is rarely reported.

It was found that the few previous studies on SHJ solar cell
modelling only use a subset of these methodologies to model
the optical behaviour of fabricated SHJ solar cells.****** Even
though some of them are able to achieve low levels of mismatch
with measured EQE and R data, the detailed layer fitting and
verification steps used in the present work enhance the model
confidence well beyond what was achieved in previous works.

2.2. Js loss analysis of record SHJ solar cells

The validated model for an in-house FBC-SHJ solar cell devel-
oped in Section 2.1 can now be used as a starting point to esti-
mate spectral J. losses for certified record devices from the past
10 years for which enough device information is available to
create a reliable model. These are the highlighted points in
Fig. 1. In all of these cases, no detailed spectral losses in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different layers were reported. Hence, the application of the FBC-
SHJ and IBC-SHJ models developed in this work allows, for the
first time, (1) a detailed breakdown of estimated optical losses for
6 record solar cells and (2) an ‘apple-to-apple’ comparison of
optical losses between multiple record solar cells. In order to do
this, the in-house model described in Section 2.1 had to be
customized for each reported record solar cell. The assumptions
and nature of model customization are described in Section
2.2.1. Details of the final model for each of these cells, along with
the quality of fit between the measured and simulated cell EQE is
described in Section 2.2.2. In Section 2.2.3, we report on the
process developments to reach these high J. values, followed by
the main improvement pathways for industrial SH]J solar cells in
Section 2.2.4 and a discussion in Section 2.2.5 wherein insights
from our model are compared with those from other FBC-SHJ
modelling efforts in the literature.

2.2.1. Customization of models for reported record solar
cells. The model developed in Section 2.1 was based on in-
house-made FBC-SHJ solar cells. In order to develop specific
models for each reported record FBC-SHJ cell from the litera-
ture, we firstly incorporated into the model all published
information ‘as-is’ from the various record devices regarding
the device structure, layer thicknesses and metallisation frac-
tions. The following reasonable assumptions were then made
for whatever information was not available in the specific
references: (1) we assume the same wafer texturing conditions
and pyramid sizes as that used in our in-house reference wafer
(WAR = 11.4% between 300 and 1000 nm), as this was
comparable to other values found in the literature,>*** and (2)
we assume a highly reflective chuck by using the refractive index
of metallic Cu for the chuck. Furthermore, we simulate device
reflectances at normal incidence (0°) instead of the 8° used
during model validation (see Section 2.1.2), as the differences
resulting from changes in the angle of incidence were found to
have only a minimal impact on the simulated J,. distribution
(=0.02 mA cm ™2 difference in J,.) and were therefore considered
acceptable.

Next, it was attempted to obtain an estimate of the refractive
indices of all the layers in the record devices (except the c-Si
wafer). This was done by comparing the degree of match
between our simulated EQE and R, and the published EQE and
R data from the record devices. In our previous study,* we
found that the layers used in these high-efficiency devices are
much more transparent than typical layers for which published
data is available in the literature, and we accounted for this
superior transparency by scaling the extinction coefficient &
with a constant factor while keeping the refractive index n fixed.
Despite obtaining accurate fits with this approach, the final n
and k of some layers were unlikely to be representative of real
materials and could not be fitted with commonly used disper-
sion laws (e.g. Tauc-Lorentz or other oscillator models) or pass
self-consistency checks using the Kramers-Kronig (KK) rela-
tionship.® In the present work, we improve on this method-
ology by modelling the refractive index of all layers from the
record devices exclusively using dispersion laws. As with the
measurements of our in-house layers, we used a single Tauc-
Lorentz oscillator for the amorphous and nanocrystalline Si
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thin films, while adding an additional Drude model in the case
of the modelled TCOs. Several simulations were performed in
which parameters of the oscillator models were varied until
a best-fit match was obtained to the reported EQE and R from
the record devices. The resulting oscillator parameters and
refractive index data for each of the layers were therefore
representative of the typical class of materials that we aim to
describe with these dispersion laws and were largely self-
consistent using the KK relationship. More details on this
modelling routine are provided in Appendix C, ESL.}
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Using the approach described above, customized models for
all record FBC-SH] cells targeted for comparison in this work
could be successfully created. As shown in Fig. 4, all models
result in a very low mismatch to the published EQE data of the
record cells. The degree of mismatch is discussed in more detail
in Section 2.2.2.

2.2.2. Modelling of reported record cells. For the high-
efficiency SHJ solar cells analysed in this work, only EQE data
were available, which would on its own not be sufficient for
a reliable Js. loss analysis. To account for this limitation, we
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Fig.4 Simulated spectral optical losses of record FBC-SHJ and IBC-SHJ solar cells as modelled in this work, along with the certified EQE data of
each device: (A) Hanergy FBC (PCE 25.11%),° (B) Maxwell FBC (PCE 25.98%)," (C) SunDrive FBC (PCE 26.41%),*” (D) LONGi FBC (PCE 26.81%),°¢ (E)
Panasonic IBC (PCE 25.57%),* and (F) Kaneka IBC (PCE 26.7%).5” Note: the modelled solar cells do not have a published spectral loss breakdown.
The values in parenthesis in the graphs correspond to the integrated Js. loss or contribution in mA cm™2.
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searched for published values of EQE and R data of SHJ cells
(‘reference cells’) made by the same group that are close in
efficiency to the targeted record-efficiency solar cells (‘record
cells’). Once a good match to these reference cells was obtained,
small adjustments to these models were made according to the
reported improvements in order to match the EQE of the record
cells. The spectral matches to the EQE and R of the reference
solar cells are shown in Appendix D, ESI.}

Typically, the level of mismatch between experimental EQE
(EQE,¢f) and simulated EQE (EQEg;,) data is determined by the
difference in integrated EQE spectra:

1200nm

AJie =¢q Loo (EQEsim(A) - EQEref(A))q&AMI.SG(A)da

- Jsc‘rcﬁ (1)

= Jsc,sim

with ¢ the magnitude of the electron charge and ¢awm1.56(1) the
AM1.5G wavelength-dependent photon flux (per unit of time,
per unit of area, per unit of wavelength). Although AJ;. provides
a good indication of the overall level of mismatch, it does not
quantify spectral mismatches, as high (or low) EQE in some
parts of the spectrum can be compensated by low (or high) EQE
in others. This is an unaddressed issue in some works in the
literature,*>** and makes AJ,. a poor figure of merit to judge
levels of spectral mismatch. Hence, to ensure this spectral
mismatch effect is considered, we define in our work a new
figure of merit, A|J,.|, which is calculated as follows:

~1200nm

szqj IEQE (1) — EQEr ()] damsc(DdA  (2)

300nm

This figure of merit is spectrally decomposed, meaning that
if small values of A|J;| are obtained, we not only know that the
final Ji. value is estimated adequately, but also that the simu-
lated and measured EQE curves have a high degree of spectral
match. Fig. 4 shows the best fits to the EQEs of the record SHJ
devices, along with the simulated spectra of the parasitic
absorption, reflectance and shading as modelled in this work.
Note that the two bottom curves in each subplot within Fig. 4
quantify respectively (1) the error in the simulated EQE [EQE®(2)
= EQEgim(2) — EQE ()] and (2) the corresponding error in
terms of J,. for a spectral interval of 10 nm applied over the
AM1.5G spectrum, denoted @am1sc " (A) [JseS(A) = ¢ EQES(R)

(PAMLSGNnm(/\)]-
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It is clear from Fig. 4 that for most of the fitted record EQEs,
the usual figure of merit, AJ., is well below 0.03 mA cm™>. This
indicates a good overall match to the J;. between the actual and
simulated record device. However, Fig. 4 also shows that the
new figure of merit introduced in this work [from eqn (1)], A[Jsc|,
mostly has values below 0.3 mA cm™? for all simulated record
cells (with only one being 0.45 mA cm™?), which further indi-
cates a high degree of spectral match between the measured
and simulated EQE. We note that the spectrally decomposed
figure of merit for EQE and J;. mismatch proposed in eqn (2) in
this work (A|Js|) is unique and has not been used or reported in
any of the previous studies on Js. modelling of SHJ solar cells.

Finally, all the modelling parameters (including the device
structure, layer thicknesses, front metal shading fraction and
the complex refractive indices) used for each of the record
devices are provided in Appendix E, ESI,{ while Table 1
summarizes the measured and modelled J;. and the corre-
sponding fit errors for all the record cells analysed in this work.
We note that for some devices, non-trivial differences are
observed between the J,. determined from the certified I-V and
EQE measurements, which can be due to differences in full-
area/spot measurements, different illumination settings for
each measurement or measurement uncertainties. Where such
differences exist, we have computed the solar cell J,. from the
integrated EQE curve rather than -V data as this is more useful
for the purposes of this study.

Despite the differences in the device structures and mate-
rials used across the 6 high-efficiency devices analysed in this
work, a very low mismatch is obtained for all FBC-SHJ and IBC-
SHJ devices. This confirms that the modelling approach devel-
oped in this work is robust and can achieve consistently low
values for not just AJ,. but also A|J|. To date, we have not seen
any other study that achieves both low AJs. and low A|Js|. This
concludes the efforts to model the record solar cells targeted for
analysis in this work. In Section 2.2.3, these models are used to
obtain a breakdown of J,. losses in the record SHJ cells, and
further understand and compare the sources of J;. loss and gain
across the various record cells.

2.2.3. Js losses in recent record solar cells. For ease of
comparison, a chart with a detailed breakdown of the J;. losses
for each of the record-efficiency devices is provided in Fig. 5,
which is obtained by integrating the wavelength-dependent
curves in Fig. 4 with the AM1.5G photon flux, times the

Table1 Summary of the FBC-SHJ and IBC-SHJ solar cells modelled in this work. The PCE, the J,. from certified /-V measurements, the J. as
computed from the certified EQE data and from the simulation output and the corresponding model errors AJdsc and A|Js| [as introduced in egn

(1) and (2)] are shown for each record device

Jse values (mA ecm™?)

Type Name PCE (%) Cert. I-V Cert. EQE Sim. EQE AJse AlJs|
FBC Hanergy 25.11 39.55 39.29 39.28 —0.01 0.45
Maxwell 25.98 40.44 40.44 40.47 0.03 0.22
SunDrive 26.41 40.80 40.80 40.83 0.03 0.20
LONGi 26.81 41.45 41.42 41.45 0.03 0.28
IBC Panasonic 25.57 41.82 42.16 42.17 0.01 0.27
Kaneka 26.7 42.65 42.77 42.80 0.03 0.28

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Detailed breakdown and cumulative Jg. losses in record-efficiency FBC-SHJ and IBC-SHJ solar cells as modelled in this work.

magnitude of the electron charge. Fig. 5 shows the AM1.5G limit
at the top, corresponding to a J,. of 46.32 mA cm ™2 between 300
and 1200 nm. Starting from this point, the parasitic absorption
loss in the various layers is quantified, as is reflectance loss,
escape losses from the front surface and absorption in the rear
metal/chuck. The record solar cells are arranged left-to-right
from lowest to highest device-J,., starting with the four FBC-
SHJ and ending with the two IBC-SHJ analysed in this work.

We now discuss the sources of Ji. loss and the changes/
evolutions in the SHJ cell structure that have led to the
improvements seen in each successive record cell:

2.2.3.1. Hanergy (PCE 25.11%). Enabled by a highly trans-
parent ~15 nm thick nc-SiO,:H(n) window layer, the estimated
parasitic absorption in this layer is only ~0.2 mA cm™? for
Hanergy's record cell (see Fig. 4A)."* In comparison, a typical
5 nm a-Si:H(n) in the same device structure would absorb ~0.9
mA cm 2, highlighting the effectiveness of using a higher-
bandgap material for the front charge transport layer. The
high shading fraction of 3.9% reduces the overall ji. cell
potential by 1.81 mA cm 2. The front and rear TCO, which in
this device is ITO,® together absorb 2.87 mA cm ™2, of which 2.35
mA cm ™2 come from the FCA in the NIR. Note that not all of this
would be directly absorbed by the c-Si given its low absorption
coefficient in this part of the spectrum, but a J,. gain can still be
expected if this parasitic absorption is reduced. An enhanced
transparency of the TCO by reducing the free carrier density
would result in an increase in sheet resistance,>** which would
negatively affect the device from an electrical point of view. For
this reason, the common approach is to search for materials
with higher carrier mobilities to reach low sheet resistances at
potentially lower carrier concentrations.

2.2.3.2. Maxwell (PCE 25.98%). The approach mentioned
above was successfully adopted by Maxwell in their record cell
shown in Fig. 4B. Instead of ITO, a novel TCO made from
transition metal-doped indium oxide IMO (M = TiO, + CeO, +

164 | EES Sol, 2025, 1, 157-171

Ta,0s) is used.'” Previous work had successfully confirmed the
superior mobilities when compared to their reference ITO
(factor ~2.5) and an overall higher transparency, evidenced by
a large reduction in TCO parasitic absorption to 1.74 mA
cm 2.2 A further increase of the transparency of the a-Si:H(i)
front passivation layer enabled a low ~0.5 mA cm™> loss in this
layer, eventually giving a high device J,. of 40.44 mA cm >
Lastly, we note that Maxwell's record cell utilized screen-printed
metallisation to achieve a front metal shading fraction of
2.85%.

2.2.3.3. SunDrive (PCE 26.41%). A further improvement was
demonstrated by SunDrive using electroplating to metallize the
device with Cu electrodes, as shown in Fig. 4C. With very thin
fingers (<10 pm wide) and high aspect ratios,* we estimate the
shading fraction (not reported in the original work) to be 2.0%,
which means that only 0.92 mA cm™? is lost due to shading.
This translates into a 0.36 mA cm ™~ gain in solar cell J,. when
compared to the screen-printed contacts used in the record cell
from Maxwell.

2.2.3.4. LONGi (PCE 26.81%). A further increase in optical
transparency of all the layers made the world record by LONGi
for FBC c¢-Si of 26.81% possible, with a J,. of 41.42 mA cm ™~ and
a loss decomposition as shown in Fig. 4D. The absorptance of
the TCOs was further reduced using Ce-doped indium oxide
(ICO) on both sides,” accounting now for only 1.17 mA cm ™2 of
the total current losses. Moreover, a rear low-refractive index
material (MgF,), combined with a full-area rear Ag contact,
enhances the NIR response in the EQE, as well as the front
escape in this wavelength region. The transparency of the nc-
SiO,:H(n) is similar to previous devices, but the a-Si:H(i) now
absorbs only 0.36 mA cm ™2 parasitically. Finally, a laser-transfer
printing (LTP) metallisation step enables 18 pm-wide fingers
and a total shading fraction of only 1.7%,* which is the best
seen in all reported FBC-SH] devices. This is an impressive
achievement and demonstrates the strong potential of LTP for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Jse improvement. As the layers of this device are the most
transparent ones found across all the analysed devices, we
provide the parameters of the fitted dispersion laws of the nc-
SiO,:H(n), a-Si:H(i) and the front and rear TCO in Appendix C,
ESL.t+ This provides an indication of the complex refractive
indices necessary to reach such low parasitic absorption levels.

2.2.3.5. Panasonic (PCE 25.57%). In Fig. 4E, the improve-
ment in solar cell Ji. is evidenced by the high EQE for short
wavelengths in Panasonic’'s 25.6% record device.” Front metal
shading, the front TCO and the window layer no longer
contribute to losses in J;.. Moreover, the passivation layer is
even more transparent, with a low 0.21 mA cm ™2 loss. To ach-
ieve this low parasitic absorption, we had to assume an ultra-
thin front passivation layer of about 1.5 nm in our model.
Such thin a-Si:H(i) would normally negatively affect the passiv-
ation,* but it has been shown that a-Si:H(i)/SiN, stacks can
provide high levels of passivation, even for sub-nm a-Si:H(i)
thickness.®* As this is the front stack which we are simulating,
we assume a that 1.5 nm passivating a-Si:H(i) is achievable. The
rear TCO still has a significant contribution to the parasitic
absorption in the NIR in the model of the Panasonic record cell,
accounting for 1.83 mA cm ™ of loss.

2.2.3.6. Kaneka (PCE 26.7%). The main improvements
towards Kaneka's long-standing previous world record of 26.7%
would come from further transparency improvements, as seen
in Fig. 4F.> We assume a front passivation layer of 1 nm with
a much lower extinction coefficient than typical a-Si:H(i) layers,
which results in an almost negligible parasitic absorption of
0.05 mA cm ™. The main gain, however, comes from a reduction
of the rear TCO absorption, reaching a 1.42 mA cm ™ parasitic
loss. Recently, a new world record of 27.3% was achieved by
LONGi with an IBC-SH] configuration.* Interestingly, the solar
cell Js. from the certified I-V measurement is similar to Kane-
ka's previous record.

In summary, the record solar cells analysed in this work
show that there are multiple key features of a cell that can make
a significant difference to Js.. In the following subsection, these
key features are summarized and improvement pathways to
achieve higher J;. in FBC-SH] and IBC-SHJ devices are
identified.

2.2.4. Improvement pathways for industrial SHJ solar cells.
As of 2023, the industrial manufacturing capacity for SHJ solar
cells was around 50 GW and is expected to continue growing at
a steady pace in the years to come.*® Notably, module efficien-
cies of SHJ products have now reached well above 24% (for IBC-
SHJ) and above 23% (for FBC-SHJ),** with cell efficiencies in
industrial production estimated to be > 25%.% With significant
investments already made in SHJ cell manufacturing, it is vital
for the industry to have a clear pathway for efficiency improve-
ment. And since J,. is an important efficiency limitation for SHJ
technology (see Section 1 and Fig. 1), it is therefore critical to
identify the main pathways for further improvements in J,. for
both FBC-SH] and IBC-SHJ solar cells. A cross-comparison of
the Ji. losses and gains from recent record-efficiency cells pre-
sented for the first time in this work hence allows us to glean
important quantitative insights into the key advances needed to
further improve the efficiencies of industrial SHJ solar cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For FBC-SHJ cells, the largest source of J. loss from func-
tional layers (and therefore the most important area of
improvement) are the front and rear TCO layers. Compared with
the standard industrial TCO (ITO), other materials can offer
better optical properties. Comparing the LONGi FBC record cell
with the Hanergy FBC record cell (see Fig. 5), it is clear that
improvements in the front TCO are very much feasible and have
already enabled improvements in J,. of +1.7 mA cm > to date
from reduced absorption in the TCO layers compared to ITO.

The next important pathway for J,. improvement is metal-
lisation. Among screen-printed record cells, the use of narrower
fingers to achieve metal shading fractions under 3% has already
led to demonstrable J,. improvements of around +0.5 mA cm 2
among the screen-printed record cells. Note that the average
screen-printed finger width used in the industry as of 2023 was
close to 27 um, which includes all c-Si solar cell technologies.**
If this can be further reduced by new innovations in printing,
this would enable higher ;.. An alternative would be to replace
screen-printed fingers with plated contacts, which have already
enabled a reduction in shading fraction down to 2%, resulting
in an additional +0.4 mA cm 2 gain in J,.. Alternative metal-
lisation methods such LTP was seen to give an additional +0.13
mA cm 2 increase in device Js, as seen in the current record-
efficiency FBC-SHJ. Naturally, a decrease in finger width is
coupled with an increase in the number of busbars, with trends
indicating that more than 12 busbars will become the norm.*

The next important functional layer is the front-side passiv-
ation layer (intrinsic a-Si:H). Reduction in the layer thickness and
absorption properties have enabled a gain in J,. of around +0.3
mA cm™” just among the various record cells. Further optimiza-
tion of deposition recipes for even thinner or more transparent
intrinsic a-Si:H layers could be a viable pathway to further
improvement of J., although the maximum J. gain possible via
this approach is limited to no more than +0.36 mA cm ™.

It is notable that none of the record cells analysed in this
study utilize doped a-Si:H(n) layers on the front-side and
instead use a nc-SiO,:H(n) window layer. Compared to the use
of a-Si:H(n) layers (such as in our in-house made FBC-SH] cell),
the cells with windows layers offer a significant J;. gain of at
least +0.7 mA cm™>. However, all record solar cells already use
window layers and the relative differences in J,. attributable to
the window layer are relatively minor among the record cells,
with only a 0.07 mA cm ™2 difference in J. between the cell with
the best performing window layer (Hanergy) and the worst
among the record cells studied (SunDrive). Further trans-
parency improvements could take place for nc-SiO,:H(n) or by
using alternative window layers, such as nc-SiC,:H(n). Never-
theless, the potential gains are limited to around 0.2 mA cm 2.

As all the record cells make use of a double-layer ARC
(DLARC), the difference in J,. losses due to reflectance are
minimal (between 0.2 and 0.3 mA cm™?). No major further
reductions in these J,. losses are expected with the use of other
DLARGCS, as the optical properties of the layers are already close
to optimal. Moreover, their use in industrial SHJ solar cells may
not be relevant when considering their integration into
modules,* given the presence of glass and encapsulation
materials. The front escape losses increase about 0.8 mA cm >
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from the lowest to the highest-J,. FBC devices analysed here.
This is directly related to the decrease in FCA in the front and
rear TCOs in the more recent records and is only expected to
increase if TCO transparencies are improved further. Moreover,
the use of thinner wafers (from 161 to 125 um from left to right
in the FBC cells in Fig. 5) also contributes to this loss increase.
In our previous work, it was also observed that the effectiveness
of improving the wafer texturing to reduce these losses was
limited,” and should therefore not be a main focus for indus-
trial SHJ solar cells.

For IBC-SH] solar cells, the reduction in parasitic absorption
at the front can be attributed to 4 factors: (1) no shading losses,
(2) and (3) no window layer and TCO needed for the charge
carrier extraction, and (4) the front passivation layer is no longer
involved in charge carrier transport, which relaxes its electrical
requirements and can now be optimized for transparency (while
maintaining a proper passivation). The IBC configuration
therefore bypasses one of the biggest hurdles of SHJ architec-
tures: high current generation. In this sense, for industrial IBC-
SH] solar cells, there are not as many improvement ‘knobs’
available as for FBC-SH] solar cells.

The largest loss for IBC-SHJ remains the FCA in the rear TCO.
An improvement of +0.4 mA cm 2 was possible from Pana-
sonic's 26.57% cell to Kaneka's 26.7% cell. Additional
improvements for industrial IBC-SHJ solar cells can be expected
with materials other than ITO (as with the FBC-SH] solar cells),
which is further analysed in Section 2.3. The next improvement
is the reduction of the parasitic absorption of the front passiv-
ation layer. With a reduction of 0.16 mA cm™? in J,. loss from
Panasonic’s 25.57% cell, only 0.05 mA cm™?> is parasitically
absorbed in this layer in Kaneka's IBC-SH]J device, being almost
fully transparent. Therefore, for industrial cells, minimal
further enhancements can be expected in this layer from an
optical point of view. The analysis of the reflectance and front
escape losses is similar to the FBC-SH] case. The difference here
is that the front escape actually decreases for the higher- J,. cell
(Kaneka 26.7%), which is due to the increase of wafer thickness
(from 150 to 180 um) instead of the decrease seen for the record
FBC-SHJ devices. Note that we have ignored electrical shading
losses arising from charge carrier recombination in the rear
contacts,** as these are considered to be small for high-
efficiency IBC-SHJ solar cells.®* In Section 2.2.5, the J,. losses
of these record SHJ solar cells are placed in the context of
previous loss breakdowns reported in the literature.

2.2.5. Discussion: optical losses in SHJ solar cells. We have
found that the most important losses come from the front and
rear TCO, followed by front metal shading, front intrinsic a-Si:H
and front window layer. This order of importance is generally
supported by other studies,”*** noting that metal shading
losses are often neglected in optical analyses in the literature,
limiting comparisons. In contrast to our findings, some studies
show that the front a-Si:H(i) and window layer cause more
optical loss than the TCO layers.*** Incidentally, this is similar
to the losses in our in-house reference solar cell, which does not
have fully optimized layers for the front Si-based thin films in
terms of transparency. However, the record solar cells are well-
optimized and for the purpose of determining a practical upper
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limit of J,. and further paths forward for well-optimized solar
cells, TCOs, followed by front metal shading, front a-Si:H(i) and
front window layer remain the most important.

Among the J,. losses attributed to parasitic absorption in the
short-wavelength range (A < 600 nm), the values from record
cells analysed in this work are considerably lower than the
ranges reported in the literature. Holman et al.**** and McIn-
tosh et al.** estimated a loss of around 2.1 and 1.6 mA cm >
based on EQE/R measurements and ray-tracing simulations,
respectively. For the record devices modelled in this work, the
FBC-SHJ have short-wavelength losses between 0.75 and 1.39
mA cm ™2, whereas IBC-SHJ naturally have significantly lower
values (between 0.05 and 0.21 mA cm™?). This indicates that
today's record cells have significantly lower losses in the front
TCO and Si-based thin films compared to other cells reported in
the literature. As noted in Section 2.2.3, this is largely due to
significant recent improvements in passivation layers, window
layers and TCOs. The parasitic absorption calculations for long
wavelengths (A = 600 nm) in the literature have a higher spread
of values, ranging from merely 0.5 mA cm > to around 3
mA cm 2*** This has to do with the different factors that
impact the parasitic absorption in this region, such as the rear
optical stack and the wafer thickness. Comparisons between
such studies and the record solar cells analysed in this work are,
therefore, less applicable.

Based on this, we conclude that the significant shifts in
processes have made conclusions from the previous works on
SH] modelling less relevant to today's high-performance SHJ
cells. In fact, even in cases where J,. breakdown is available
from groups who made the record devices in the form of
measured lumped losses or simulated losses per layer,>"”
several details such as the refractive indices, layer thicknesses
and wafer texture are not available and therefore it is not
possible to reproduce these models. Further, different groups
perform optical modelling in different ways and a direct
comparison is not possible. The modelling and comparative
analysis presented in this work therefore serves as a useful
reference point for future work on J;. modelling of SHJ devices.

In the next section, we identify further opportunities for
optical improvements and derive practical /. limits based on
ray optics for FBC-SH] and IBC-SHJ solar cells considering
different silicon wafer thicknesses.

2.3. Practical J. limits of FBC-SHJ and IBC-SHJ solar cells

Short-circuit current density limits of silicon solar cells have
already been predicted in various earlier works. The simplest
estimation can be made by assuming that all incoming photons
with sufficient energy will contribute to the device J4,* which
results in a thickness-independent J,. limit of 44 mA cm™2
under an old AM1.5G spectrum.®” A more accurate approach to
derive this limit is to assume a Lambertian scatterer and zero
front surface reflectance (Rf = 0), which results in a perfect
randomization of the incoming light.®® By additionally
assuming a perfect rear reflector (R, = 1), the mean path length
is increased by a factor 4n, with n the refractive index of the
material.®® With this, Tiedje et al” formulated the first

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expression of the absorptance given this path enhancement in
the weak absorption regime, including the effects of FCA. This
expression was used in the theoretical Js. limit predictions of
Tiedje et al.,”® Kerr et al.”* and Richter et al.,*® under different
FCA parametrizations. An analytical derivation for the absorp-
tance in the general case (not limited to weak absorption) was
derived by Green,” which was used in the latest Ji. limit esti-
mations by Schifer et al®” and Engelbrecht et al.,”® once again
with different FCA formulations.

From a practical limit point of view, Swanson predicted
a41.10 mA cm > limit by using rough estimates of the front and
rear reflectance values for a 80 um absorber layer,” parting from
the first-principle /. limit predicted by Kerr et al.”® under the old
spectrum.®” Yoshikawa et al.>* arrived at a practical Ji. limit of
42.40 mA cm > based on an estimated 0.15 mA cm >
improvement from their world-record solar cell at the time (165
pm absorber layer). In another study, Sai et al.” fitted a thick-
ness-dependent practical J;. limit based on experimental
absorptance data of textured Si wafers with different thick-
nesses coated with SiN,. In addition, front antireflective films
and rear white reflectors were used. More recently, Wang et al.®
concluded that a J,. of 42.80 mA cm ™2 should be attainable for
an IBC-SHJ based on LONGi's current world record (175 pm
absorber layer). As the theoretical J. limit predictions neglect
actual device conditions, including the presence of coatings,
metal contacts, and non-ideal reflection at the front and rear
interfaces of the absorber layer, they are often far above the
practically attainable Ji. and are not representative of practical
devices. For the practical limits reported in the literature, the
quantitative basis for the prediction is not always fully disclosed
and some were made a considerable time ago. Here, we derive
practical limits based on ray-tracing simulations.

2.3.1. Ray-tracing-based practical limits. Based on the layer
transparency improvements derived in this work for the
different record SHJ devices in the literature, we estimate
practical limits for the J,. of FBC and IBC configurations for
varying wafer thicknesses, parting from the highest modelled
record in each case.

For the record FBC-SH] solar cell, the main J,. losses
constitute: (1) front escape, (2) TCOs, (3) metal shading, (4)
front passivation layer, (5) reflection and (6) window layer. Loss
(1) is not directly controllable, as it is a consequence of the low
absorption coefficient of Siin the NIR and the level of FCA in the
TCOs. For loss (3), we assume a shading fraction of 1.5%, which
we deem possible given continuous improvements in metal-
lisation techniques. For losses (2), (4) and (6), more transparent
materials could be developed, but the transparency limit is not
clear. The optical properties of the TCO, front a-Si:H(i) and nc-
SiO,:H(n) layers derived from the record FBC-SH]J solar cell from
LONGI were found to be the highest performing, so we assume
the same layer in our practical limit calculations. The reflec-
tance loss (5) is already very low with the used DLARC, so no
major improvements are expected by using other materials or
adding more ARC layers. We only do a thickness optimization
based on the existing materials in the record device, fixing the
minimum TCO thickness to 50 nm to ensure a low-enough
sheet resistance can still be achieved.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For IBC-SHJ solar cells, the main J,. losses comprise: (1) front
escape, (2) rear TCO, (3) reflection and (4) front passivation
layer. Once again, loss (1) is not controllable. For the rear TCO
loss (2), we use the same TCO as modelled for the record FBC-
SHJ, which is considerably more transparent. For the reflec-
tion loss (3), we again do minor optimizations for the thick-
nesses of the DLARC. Further, we assume a fully transparent
front passivation layer to eliminate loss (4), which was already
almost achieved in Kaneka's record cell.®* We also make some
changes to the rear of the device: (a) we add a low refractive
index material between the TCO and the rear Ag to enhance the
back reflection (as done in the FBC record), and (b) we assume
rear wafer texturing for a minor EQE improvement in the NIR.

Finally, we once again ignore electrical shading losses, as
done for the modelled IBC-SHJ devices in this work. Our esti-
mated practical Jg. limits under these assumptions are plotted
in Fig. 6A as a function of the wafer thickness. Note that,
although our model only considers the layers’ optical properties
for the practical Js. limit prediction, we do set reasonable
constraints to ensure adequate electrical properties can also be
met, such as layer thickness, shading fraction and the fact that
most refractive index data are derived from actual record
devices.

We predict the ray-tracing-based practical limits of FBC-SH]
solar cells to be between 40.49 and 42.00 mA cm > within a 50 to
200 pm wafer thickness range, and between 42.09 and 43.57 mA
em 2 for IBC-SHJ solar cells in the same thickness range. For
both device architectures, the J. losses are mostly attributed to
front escape due to the weak absorption of Si in the NIR, which
also results in a high parasitic absorption in the TCO.

2.3.2. Discussion: practical limits. Our predictions of the
practical limits are compared with theoretical and practical
predictions in Fig. 6B at different thicknesses, as well as some of
the highestJ. devices with reported thicknesses in the litera-
ture. All the values are based on the AM1.5G spectrum defined
in IEC 60904-3:2019 (ref. 76) and the optical properties of c-Si at
25 °C.* To account for the change in solar spectrum since the
practical limit prediction of Swanson,” we adjusted the Jg.
prediction based on the increase in J,. computed by Richter
et al.*® for the change of spectrum. A correction was also applied
to the practical limit of Sai et al.,” which presumably used the
solar spectrum defined in ASTM G173-03(2012).”

The calculation of the theoretical j,. predictions in the
literature vary in two ways: (1) parametrization of FCA and (2)
expression used for the absorptance. Regarding (1), we ignore
the impact of FCA on the solar cell J, as it only contributes <
0.01 mA cm ™ to the device J. for intrinsic and lowly-doped c-
Si(n) (wafer resistivities > 1 Q cm) in the simulated thickness
range, regardless of the FCA description. For this reason, the
theoretical J,. predictions in the literature can be roughly
divided according to point (2): (a) weak absorption limit,
derived by Tiedje et al.” and used in ref. 36, 70 and 71 and (b)
the general case derived by Green” and used in ref. 37 and 73.
These are labelled ‘TL (approx.)’ and ‘TL (exact)’, respectively, in
Fig. 6B.

The exact derivation of the Lambertian absorptance results
in a higher absorption near the bandgap of Si when compared
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Fig. 6 Js limits and losses as a function of the silicon wafer thickness. (A) Modelled J,. loss distribution and ray-optics-based practical limits for
(left) FBC-SHJ and (right) IBC-SHJ solar cells, (B) theoretical and practical Js. limits for SHJ solar cells. For the practical limits, a distinction is made
between FBC and IBC. The highest-J,c FBC and IBC devices with reported thicknesses in the literature are also included in (B). TL means
theoretical limit, PL practical limit, DD device data, t.w. this work, and lit. literature.

to the weak absorption approximation,®” which leads to an

increase in the J,. between 0.15 and 0.23 mA cm™ 2 in the simu-
lated thickness range. As mentioned above, both these estima-
tions neglect (1) reflection, (2) parasitic absorption and (3)
shading losses. When including (1) and (2) in our modelled IBC-
SH]J practical limit, the J;. values drop around 0.46 mA cm™> on
average from the exact Lambertian absorptance. Further inclu-
sion of (3) and the additional parasitic absorption at the front of
the device drop this IBC-SHJ limit by around 1.57 mA cm ™2
arriving at the FBC-SHJ practical limit derived in this work.

The previously reported practical limit of 42.40 mA cm™~ at
165 um by Yoshikawa et al.** and 41.41 at 80 pm by Swanson™
lie far below our predicted value for these thicknesses. We
believe this gap can mainly be explained by our usage of newly
developed TCOs, which have a much higher transparency.
When compared to the latest practical-limit estimate of
42.80 mA cm > at 175 um by Wang et al,*® we also predict
a notably higher practical /. limit at this thickness based on our
ray-tracing model. We attribute this to the changes we imple-
mented to the rear of the device and the use of a fully

2
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transparent front passivation layer. Even when excluding the
effects of parasitic absorption in the practical limit set by Sai
et al.,” our predictions are on average 0.53 mA cm ™~ > higher over
the plotted thickness range in Fig. 6B. Based on the absorptance
data presented in that study, our simulated IBC-SH] practical
limits benefit from a more effective DLARC, which reduces the
reflectance from the front surface over the full wavelength
range.

Some of the highest-/;. FBC-SHJ and IBC-SH]J reported in the
literature with confirmed thicknesses are also included in
Fig. 6B. For FBC-SH]J, the J,. gap between these devices and our
practical limits are in the range of 0.11-0.53 mA cm > for
different thicknesses, whereas this gap amounts to 0.85-1.49
mA cm 2 for IBC-SHJ. Based on this work, we can therefore
conclude that the possible J. improvement for current state-of-
the-art IBC-SH]J solar cells is much greater than for FBC-SHJ.
Adding to this the fact that the practical limit for IBC is
around 1.6 mA cm™ > higher than for FBC, IBC devices will
continue to dominate the J,. records for SHJ solar cells by a large
margin in the years to come.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Conclusions

Having carefully calibrated a ray-tracing optical model of SHJ solar
cells, we have identified the main drivers of J. loss in industrial
SHJ solar cells with FBC and IBC architectures. The comprehen-
sive optical analysis and accurate modelling (within 0.03 mA cm >
of the cell J;., with minimal spectral mismatch) of 6 recent record
SHJ devices (FBC and IBC) reported in the literature provide
unique insights into the optical losses of these high-efficiency
devices. In the case of FBC-SHJ, the main developments include
a reduction of the metal shading losses to only ~0.8 mA cm™ 2,
front and rear TCO losses down to ~1.2 mA cm~ 2 and a combined
Jsc loss of about ~0.6 mA cm > for the front a-Si:H(i) and nc-
SiO,:H(n). For IBC-SHJ, a virtually transparent front passivation
layer and absence of front TCO and CTL have enabled a cell J,. that
is more than 1.2 mA cm ™2 higher than that of the best FBC solar
cells. We have also demonstrated methods to (1) better quantify J,.
modelling errors, (2) calibrate and validate solar cell models on
textured substrates, (3) estimate complex refractive indices of
layers assumed in other solar cell optical models in cases where
the optical properties are not reported. Finally, by assuming
reasonable incremental improvements from the current SHJ
record cells, we derive, to our knowledge for the first time, prac-
tical limits for SHJ solar cells for both metal contact schemes (FBC,
IBC) for a wide range of silicon wafer thicknesses based on optical
ray tracing. Interestingly, the gap between the J,. value of the
current record cell (as of 2024) and the predicted practical limit (at
the same wafer thickness for each case) is 0.85 mA cm ™2 for IBC-
SHJ but is less (0.11 mA cm ™ ?) for FBC-SH]J cells, suggesting that
IBC-SH] cells have a greater potential for further J;. improvements.
The new practical J,. limit values derived in this work and possible
improvement pathways could prove useful for achieving new
efficiency world records for SHJ solar cells.
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